Abstract Mesolimbic dopamine (DA) systems play a critical role in tobacco addiction driven by nicotine. Nicotine activates midbrain DA neurons and, consequently, elevates DA concentrations in targets, especially in the nucleus accumbens (NAc) of the ventral striatum. The route of drug administration influences the impact of addictive drugs. Here, we examine whether the nature of the administration alters DA neuron activity and DA concentrations in the NAc. Using unhabituated naïve freely moving rats, microdialysis measurements showed that nicotine administered via needle injection caused greater DA release in the NAc than the same dose administered via an implanted chronic cannula. After habituation to the needle injections, however, there was no significant difference in DA signaling between the needle and cannula routes of administration. Consistent with these microdialysis results after habituation, our in vivo tetrode unit recordings showed no significant difference in midbrain DA neuron activity in response to nicotine delivered by needle or cannula as long as predictive cues were avoided.
Introduction
Despite tobacco use being a major health problem, there are about one billion tobacco smokers worldwide (Dani and Harris 2005; Mathers and Loncar 2006; Crane 2007; Benowitz 2008 ). More than 20% of American adults smoke, and consequently, there are about 400,000 deaths per year caused by direct cigarette use in the United States. Most users would like to quit smoking, but there is a high rate of relapse among individuals who try to quit. About a third of the smokers try to stop each year, but less than 3% succeed (Centers for Disease Control and Prevention (CDC) 2005; Crane 2007) .
Nicotine is the main addictive component of tobacco based on its ability to support self-administration and drugseeking behavior in animals under controlled laboratory conditions (Corrigall and Coen 1989; Stolerman and Shoaib 1991; Corrigall 1999; Karan et al. 2003) . Nicotine also increases locomotor activity, enhances reward from brain stimulation, and reinforces place preference, as seen with other addictive drugs (Clarke 1991; Stolerman and Shoaib 1991; Dani and Heinemann 1996; Corrigall 1999; Di Chiara 2000) . Furthermore, nicotine cessation produces a withdrawal syndrome, and those symptoms can be relieved by nicotine replacement (Stolerman and Jarvis 1995; Salas et al. 2004) .
Midbrain dopaminergic systems serve an important role in the initiation of drug addiction, and that situation applies for nicotine as obtained from tobacco. Initial nicotine administrations increase dopamine (DA) concentration, as measured by microdialysis in the nucleus accumbens (NAc) of the ventral striatum (Pontieri et al. 1996; Balfour et al. 2000; Di Chiara 2000; Balfour 2004; Pidoplichko et al. 2004) . The role of the midbrain DA systems in nicotine addiction is supported by the findings that DA antagonists Yu Dong and Tianxiang Zhang contributed equally to this work. or lesions of DA neurons reduce self-administration (Corrigall and Coen 1989; Corrigall et al. 1992; Corrigall 1999; Di Chiara 2000) . By acting at nicotinic acetylcholine receptors (nAChRs), nicotine can activate neurons of the ventral tegmental area (VTA) and the substantia nigra pars compacta (SNc) and cause DA release in the striatum, particularly the NAc (Clarke et al. 1985; Grenhoff et al. 1986; Calabresi et al. 1989; Clarke 1991; Nisell et al. 1994; Pontieri et al. 1996; Pidoplichko et al. 1997; Picciotto et al. 1998; Dani et al. 2001; Mansvelder and McGehee 2002) . Furthermore, presynaptically located nAChRs in the targets of the dopaminergic projections potently regulate DA release, as has been investigated in the dorsal striatum and NAc (Wonnacott et al. 2000; Jones et al. 2001; Zhou et al. 2001; Rice and Cragg 2004; Salminen et al. 2004; Zhang and Sulzer 2004; Grady et al. 2007 ).
The biological route of drug administration influences the dose, kinetics, metabolism, DA signaling, and the reported "high" or drug liking (Volkow et al. 2000) . Therefore, it is not surprising that the route of administration influences the reinforcing impact and the addictive liability of a drug. For instance, cocaine has greater abuse potential when it is smoked or administered by the intravenous route than by the intranasal route (Hatsukami and Fischman 1996; Volkow et al. 2000) . It is intriguing, however, that different routes of administration of similar doses that produce similar cocaine plasma concentrations and similar influences over aspects of DA signaling can produce different behavioral effects and reports of "high" (Volkow et al. 2000) .
In animal studies, drug administration is precisely controlled and often administered by injection using a syringe and needle. The question we ask in this study is the following: does the pain or cue associated with the injection alter DA neuron unit firing in the midbrain (as measured by in vivo tetrode recordings) or alter DA release in the NAc (as measured by in vivo microdialysis)? Furthermore, does habituation to the injections diminish the effect of the needle injection? The results of these tests can aid in the design of laboratory experiments, and they also address several issues regarding dopaminergic systems.
Some theories about the function of dopaminergic signaling emphasize the involvement of the expectation in the response to natural rewards or reinforcing drugs (Schultz et al. 1997; Robinson and Berridge 2000; Bayer and Glimcher 2005; Schultz 2006 ). However, dopaminergic systems also respond to aversive events, emotional stressors, and aspects of pain (Horvitz 2000; Pruessner et al. 2004; Scott et al. 2006) . Therefore, most recent theories of DA signaling recognize a role for DA beyond simply reinforcing rewarding behaviors.
In the present study in which we use naïve freely moving rats, we show by microdialysis that nicotine administered via intraperitoneal needle injection (i.p.) causes greater DA release in the NAc than the same dose administered i.p. via an indwelling chronic cannula. However, after habituation to the needle injections, there is no significant difference in DA signaling between the needle and cannula routes of administration. Consistent with these microdialysis results after habituation, our in vivo tetrode unit recordings show no significant difference in midbrain DA neuron firing rates in response to nicotine between the needle and cannula administration routes. This result and conclusions require, however, that there are no cues that the rats can consistently use to predict the nicotine administration.
Experimental Procedures

Animal Care and General Procedures
For all the studies, male Long-Evans rats (Harlan, Indianapolis, IN, USA) were used at a weight of 295-365 g. They were housed with food and water available ad libitum and were kept on a 12/12-h light/dark schedule and tested in the light phase. Surgeries were conducted following the guidelines of the National Institutes of Health and Baylor College of Medicine. Rats were initially anesthetized by injecting (i.p.) a xylazine, ketamine, and acepromazine mixture. Then the rats were placed in a stereotaxic apparatus where anesthesia was controlled by isoflurane inhalation. The body temperature was maintained with a thermostatically controlled heating blanket.
The chronic cannula was surgically implanted to administer solutions i.p. to match the i.p. needle injections. With the cannula, nicotine was administered to minimize handling and the pain of the needle, but some cues were still present including the entry of the same amount of fluid with or without nicotine. The cannula was flushed with saline (1.0 ml/kg) regularly after implantation, and this process may have helped break the link between fluid infusion and a nicotine dose.
Rats that were habituated to injections of saline with a needle were given two injections a day for 5 days. The microdialysis experiments were conducted the next day, but the in vivo recordings with tetrodes were conducted over many days. During those days of recording, when new units were isolated, the rat was injected with nicotine to determine its effect and injected by quinpirole and eticlopride to help identify the units as dopaminergic neurons. Therefore, rats used for unit recording either received nicotine by an implanted cannula (in which case they did not receive injections) or they where habituated to the needle injections.
In Vivo Microdialysis and Dopamine Quantification
The microdialysis CMA/12 guide cannula (CMA/Microdialysis, Solna, Sweden) was aimed at the NAc (1.7 mm AP; 0.8 mm L; 6.5 mm DV). On the day preceding the test session, CMA/12 microdialysis probes (inner diameter, 0.5 mm; length, 2 mm; membrane, polycarbonate; cutoff, 20,000 Da) were perfused with artificial cerebral spinal fluid (149 mM NaCl, 2.8 mM KCl, 1.2 mM CaCl 2 , 1.2 mM MgCl 2 , and 0.25 mM ascorbic acid, 5.4 mM D-glucose). At least 14 h before the experiment, we lowered the probes slowly into the brain through the guide cannula while the rat was briefly anesthetized (10-15 min) with 2% isoflurane. The perfusion flow rate was decreased to 0.5 µl/min overnight and then increased to 2.0 µl/min at least 1 h prior to baseline sampling. Each sample vial was manually changed and immediately stored at −80°C until analyzed. After these experiments, rats were killed with an overdose of anesthetics and transcardially perfused with phosphatebuffered saline and then fixed with 10% formalin. The accuracy of probe placement ( Fig. 1 ) was confirmed by histological sectioning.
The DA content of microdialysates was determined using a high-performance liquid chromatography system based on reversed-phase chromatography with electrochemical detection. The system included a pump (Model 582; ESA, Chelmsford, MA, USA), an autosampler (Model 542; ESA), and a HR-3.2 × 80 mm column (3-µm particle size; ESA). A 5014B coulometric cell (ESA) was connected to an ESA Coulochem II detector. The mobile phase contained citric acid (4.0 mM), sodium dodecyl sulfate (3.3 mM), sodium dihydrogen phosphate dehydrate (100.0 mM), ethylenediaminetetraacetic acid (0.25 mM), acetonitrile (15%), and methanol (5%). The autosampler mixed 27 µl of the dialysate with ascorbate oxidase (EC 1.10.3.3; 162 U/mg; Sigma-Aldrich, St. Louis, MO, USA) prior to injection. Quantification of dialysate DA concentration was carried out by comparing peaks to external standards (0-2 nM).
Unit Recordings from Midbrain DA Neurons Using Chronic In Vivo Tetrode Electrodes A tetrode microdrive containing 12 tetrodes was attached to a rat's skull with screws and dental cement and aimed toward the VTA and adjacent SNc at AP, −5.5 mm and ML, 1.1 mm from bregma. The tetrodes were positioned into the midbrain DA area (7.5-9 mm beneath the surface of the neocortex), and the electrical signals were recorded (Cheetah System, Neuralynx, Tucson, AZ, USA). Recordings were digitized gap-free at 26.5 or 40 kHz after variable lowpass and high-pass filtering, saved on computer disk, and analyzed offline where versatile digital filtering was applied.
Spikes were identified and extracted in Matlab (Xtractor by M. Krause and W. Li). Individual unit isolation was achieved based on the relative amplitudes of their action potentials on the four channels of a tetrode in combination with spike waveform parameters (action potential duration, waveform shape). This spike-sorting procedure was accomplished using in-house software and software developed by Dr. A. David Redish (MClust).
A neuron was classified as dopaminergic based on the following electrophysiological criteria: low baseline firing rate (0.5-8 Hz; Ungless et al. 2004; Anstrom and Woodward 2005) , long spike duration (>1.5 ms, which is dependent on filter settings), and no spikes within the first 2 ms of the interspike interval (Wang 1981) . Pharmacological criteria indicative of DA neurons (Hyland et al. 2002; Robinson et al. 2004; Pan et al. 2008 ) required the firing rate to be strongly inhibited (>50%) by the D 2 -type receptor agonist quinpirole (1.0 mg/kg, i.p.), and this inhibition had to be reversed by the D 2 -type receptor antagonist eticlopride (0.5-1 mg/kg, i.p.). These conservative criteria, while ensuring that DA neurons are selected, will likely identify a subset of the more diverse DA neuron population of the midbrain. Postmortem histology confirmed that the electrodes were located in tyrosine hydroxylase positive regions of the VTA and SNc (Fig. 3a) .
Statistical Analysis
DA levels (in nanomolars) from microdialysis and DA neuron firing rates (in Hertz) were analyzed using analysis of variance (ANOVA) with repeated measures. For the +1.20 +1.70 +2.20 Figure 1 Illustration showing the cannula placements for microdialysis. The coronal brain sections illustrate that all the microdialysis probe placements (black lines) are within the NAc and include the NAc shell. Numerals denote the position (in millimeters) relative to bregma. The illustration was adapted from Paxinos and Watson (1998) analysis of the microdialysis data, DA concentrations were log transformed to maintain homogeneity of variance. The average of the last three basal samples defined the baseline DA response, which we used to test between-subject and within-subject effects of the drug challenge. For the analysis of the firing rates, the four 3-min bins prior to the nicotine injection defined the baseline response. ANOVA was performed using the Manova in SPSS for Windows. Significance for all analyses was determined by p<0.05.
Results
Route of Nicotine Administration Influences the Dopamine Signal Measured by Microdialysis
A feature indicative of addictive drugs such as cocaine, amphetamine, and nicotine is that they increase the concentration of DA in the NAc (Di Chiara and Imperato 1988; Pontieri et al. 1996; Balfour et al. 2000; Di Chiara 2000) . The placement of the microdialysis probe was in the NAc, and the placement always included the NAc shell (Fig. 1) . We administered nicotine (0.4 mg/kg) under three conditions ( Fig. 2a) : by i.p. injection into rats not habituated to needle injections (n=8, diamonds), by i.p. injection into rats habituated to the needle injections (n=5, open circles), and by an equivalent nicotine administration via a chronic indwelling i.p. cannula (n=10, filled circles). Basal DA concentrations for the three groups were 0.6±0.2 (unhabituated), 0.3±0.1 nM (habituated), and 0.5±0.1 nM (cannula) and were not statistically different (group×time: F(4,40)=0.34, p>0.05). When the nicotine response for each of the three routes of administration was compared to their own baseline, nicotine produced a significant increase in DA concentration: unhabituated (time: F(9,63)=28.15, p<0.05), habituated (time: F(9,36)=9.68, p<0.05), cannula (time: F(9,81)=5.48, p<0.05).
A between-group comparison showed that the nicotineinduced DA signal in unhabituated rats was significantly greater and more prolonged than the habituated case (group×time: F(9,99)=2.40, p<0.05) and the cannula case (group×time: F(9,144)=2.02, p<0.05).
However, the DA signals arising from injections into rats habituated to the needle were not statistically different from the DA signals arising from administration by cannula (Fig. 2a) (group×time: F(9,117)=0.62, p>0.05).
We used higher-resolution microdialysis sampling (5 min per sample) to detect a DA signal induced by the needle injection of saline (without nicotine) into unhabituated rats (Fig. 2b) . While the DA signal was detectable, it did not produce a statistically significant change in the basal DA concentration, n=5 (time: F(4,16)=1.87, p=0.17). The DA response in the first sample following the saline injection ranged from 92% to 155% of basal, indicating the high variability, but this change was not significantly different than baseline (time: F(1,4)=4.38, p=0.10). These results collectively indicate that the pain or cue associated with administration of a neutral stimulus (i.e., saline) does not reliably influence NAc DA release (Fig. 2b) , but it does when that injection is paired with a reinforcer, such as nicotine (Fig. 2a, unhabituated) .
Route of Nicotine Administration Influences Unit Firing by Dopamine Neurons
To determine the influence the route of nicotine administration had over DA neuron firing rates, we placed tetrodes (Wilson , and rats receiving administration via a chronically implanted i.p. cannula (n=10, filled circles). The DA response in unhabituated rats was significantly different (asterisk) from that in either the habituated or the cannula group (group×time effect; p<0.05). b Using higher-resolution sampling (5 min per sample), i.p. needle injections of saline into unhabituated, naïve rats produced a small (but not statistically significant) DA signal above baseline (n=5) and McNaughton 1994) chronically into the midbrain DA area of freely moving rats. At the end of each experiment, the recording locations were verified by lesions to be predominately in the VTA (Fig. 3a) . Putative DA neurons were identified using the conservative criteria described in the Experimental Procedures. Because recording took place over many days, we studied rats that had an i.p. cannula or rats that were habituated to the needle injections. The in vivo unit recording data were collected using the same timing and drug administration for rats with i.p. cannula and for those receiving i.p. injections. The average time course of the data obtained with habituated rats that received i.p. injections is shown in Fig. 3b . The mean baseline DA firing rates were 4.1±0.4 Hz (n=19 units). When nicotine was injected, the firing rate increased relatively quickly and remained elevated during the subsequent 1 h of recording (Fig. 3b, open circles) . The relatively large error in the first data point after nicotine injection reflects that only two of the 19 units gave a noticeable increase in firing in response to the needle injection. DA neurons express D 2 -type receptors, and we required that putative DA neurons used in the average were robustly inhibited by the D 2 -type agonist, quinpirole, and activated by the D 2 -type antagonist, eticlopride ( Fig. 3b ; Grace and Bunney 1985; Centonze et al. 2002; Hyland et al. 2002; Robinson et al. 2004) .
Equivalent unit recordings were collected from freely moving rats implanted with chronic i.p. cannula to administer an equivalent nicotine dose without the handling-related stress associated with needle injections. The average time course of the data is shown in Fig. 3b (filled circles) . The baseline firing rates (3.7±0.2 Hz, n=17 units) were similar to those obtained in the habituated group. The nicotine administered by cannula elicited a very similar increase in firing rate, and the overall time course was not statistically different between the two routes of nicotine administration (group: F(1,34)=0.69, p>0.05; group×time: F(22,748)=0.58, p>0.05). The lack of a difference between the groups is consistent with our microdialysis measurements of DA release and further suggests that the stimulus associated with needle administration of nicotine is diminished in animals habituated to the injection procedure.
Discussion
In summary, the results show that a needle injection of saline given to a naïve rat can produce a detectable, but not significant, DA response measured by microdialysis (Fig. 2b) . However, if the needle injection results in the administration of nicotine, which is capable of stimulating DA transmission (Pontieri et al. 1996; Balfour et al. 2000; Di Chiara 2000; Balfour 2004; Pidoplichko et al. 2004) , then a naïve rat experiencing the needle injection will respond with a statistically greater DA signal than a habituated rat or a rat receiving nicotine by cannula administration (Fig. 2a) . On the other hand, a habituated rat or a rat with a cannula will respond to the same nicotine administration with DA responses that are statistically indistinguishable under our experimental conditions. Those microdialysis results were consistent with the results obtained by in vivo unit recordings with tetrodes (Fig. 3b) . Rats habituated to needle injections showed more variable unit activity at the moment of nicotine injection, but the change in the DA neuron firing rates over time was statistically the same as the change seen in rats receiving the nicotine administration by cannula. Overall, this study quantitatively supports the conclusion that habituation to needle injections results in similar DA release and neuronal firing, whether nicotine is administered by needle injection or by cannula. For unhabituated naïve rats, these results Figure 3 Nicotine administration increased the action potential firing rate of putative DA neurons from freely moving rats (time: F(22,748)= 9.50, p<0.05) as measured by chronically implanted tetrodes. a The approximate recording sites within the VTA and SNc for each experimental group (filled circle rats with cannula, open circle rats habituated to the needle). Numerals denote the position (in millimeters) relative to bregma. b The normalized average firing rate of DA neurons in response to injection of nicotine, quinpirole, and eticlopride is shown from rats habituated to the needle injections (n=19 units) and from rats implanted with a chronic i.p. cannula (n=17 units). The illustration was adapted from Paxinos and Watson (1998) also suggest that the pain or cue associated with needle injection of saline (a neutral stimulus) does not reliably alter NAc DA release, but it does so when that injection is paired with the reinforcing stimulus of nicotine. Despite that conclusion based on the statistical analysis of the data, the pain or cue associated with the needle injection of saline could occasionally produce a detectable DA signal (Fig. 2b) . Furthermore, linking the needle or other cue to the nicotine-related reward was able to create a DA signal associated with the predictive cue (i.e., the needle injection), but that property was not the focus or purpose of this study.
Dopamine Signals Induced by Nonrewarding, Stress, or Aversive Stimuli
There is controversy about DA signaling arising from aversive stimuli. The more traditional modern view is that DA neurons respond to rewards or the expectation of reward (Schultz et al. 1997; Schultz 2001; Bayer and Glimcher 2005) . In that way, mesolimbic DA systems participate to encode the reward value and the uncertainty of the reward. This process occurs within the course of learning that shapes and reinforces rewarding behaviors (Volkow et al. 2002; Wise 2004; Hyman et al. 2006; Dani and Montague 2007) .
There are a number of studies, however, that have also observed DA signaling during nonrewarding events. Microdialysis and voltammetry measurements have shown increased DA in target areas in response to stress and aversive stimuli (Keefe et al. 1993; Horvitz 2000; Kienast et al. 2008 ). Studies in humans have supported the view that psychological stress can evoke DA release (Pruessner et al. 2004) , supporting a role for DA beyond processing reward and cues related to reward. Experiments using positron emission tomography with radioactive raclopride (a DA D2-type receptor antagonist) showed that psychological stress produces significant DA release in the ventral striatum, particularly in those humans most vulnerable to stress (Pruessner et al. 2004 ). In addition, human studies indicate a striatal DA response to salient emotional and stressful aspects of pain (Horvitz 2000; Scott et al. 2006 ). Studies such as those suggested that DA signaling within the basal ganglia was responding to both the positive and negative saliency of events, thereby participating in the most appropriate subsequent behavioral reaction (Horvitz 2000; Pani et al. 2000; Pruessner et al. 2004; Scott et al. 2006; Kienast et al. 2008) .
In addition to DA increases observed in the striatum, DA signaling in the amygdala has been implicated in processing the emotional impact and saliency of stressful and aversive stimuli (Rosenkranz and Grace 2002; Kienast et al. 2008) . For example, the synaptic changes in the lateral nucleus of the amygdala that underlie learning the association between an odor and a foot shock required intact DA signaling (Rosenkranz and Grace 2002) .
Stress and aversive stimuli have routinely produced increased DA concentrations as measured in target areas, but the firing of DA neurons as measured by in vivo unit recordings in the midbrain has been more variable. Restraint stress was shown to increase the firing of all 23 putative DA neurons measured from awake rats (Anstrom and Woodward 2005) . More commonly, however, the response of the DA neurons is variable, with some putative DA neurons firing more, some less, and some unchanged (Chiodo et al. 1980; Schultz and Romo 1987; Horvitz 2000) . Our anecdotal results obtained immediately after needle injections matched these variable results, with some neurons showing no change or depression, but we did observe an increased firing rate from a minority of putative DA neurons. Others, however, have found that DA neurons only rarely increase firing to aversive stimuli, with depressed firing being more common (Mirenowicz and Schultz 1996; Schultz 2007) . Finally, one study concluded that presumed DA neurons that were excited by adverse stimuli were actually not dopaminergic (Ungless et al. 2004) . In that study, however, the relatively small sample may not have included DA neurons that are excited by aversive stimuli.
General Conclusion
The present literature and our results obtained in this study seem to be in concordance. It is reasonable to conclude at this time that highly salient nonrewarding stimuli, including aversive events, are capable of producing DA signals, albeit, those signals are often slower and smaller in magnitude. Furthermore, our study indicates that habituation to a noxious stimuli (i.e., the needle injection) can diminish the consequent DA signal. Arguably the habituation process is removing the salience of the noxious stimuli. While the initial exposures to the painful stress of the needle injection would appear highly salient and possibly life threatening, many such exposures would produce learning in pertinent animals that the injections are transient and not permanently harmful. The most concrete conclusion of this study is that careful habituation that avoids linking a cue to a reward can reduce the DA signal arising from handling and needle injections to an insignificant value. These results should aid in the design of experiments.
